Near Infrared Spectroscopy (NIRS) offers an invaluable tool to monitor the functionality of the brain. NIRS with its high temporal resolution and good spatial resolution has been applied towards various area of brain research in order to map the cortical regions of the brain. The present study is aimed at using NIRS to understand the functionality of the temporal cortex in response to language-related tasks. A 32-channel NIRS system (Imagent ISS Inc.) is used to perform experimental studies on 15 normal adults. A block-design based Word Expression and Word Reception tasks were independently presented to the participants during the imaging study. Unlike past research where only the brain activation was determined for language tasks, in the current study the activation, connectivity, and lateralization in the temporal cortex are correlated. In the future, the work is focused to target the pediatric epileptic populations, where understanding the temporal brain functionality in response to language is essential in pre-surgical clinical environment.
INTRODUCTION
Understanding the function of the brain in response to language has been a topic of major interest. In the brain there are two major areas which lie in the temporal region that are responsible for language. The first area, known as Broca's region, is responsible for language expression. The second area, known as Wernicke's region, is responsible for language reception. There are several imaging approaches to measuring functional brain activity... The fMRI approach measures the blood oxygenation level dependent (BOLD) signals, to monitor brain function. Positron Emission Tomography(PET) measures regional cerebral blood flows and oxygen cerebral metabolic rates. Recently, near infrared spectroscopy (NIRS) has emerged in the past 15 years as a new modality that offers a noninvasive way to monitor cerebral vascular signals in the brain.
NIRS utilizes light between 600nm-1000nm, where light in this range is minimally absorbed by biological tissue, allowing its deeper penetration. By using two wavelengths, usually 690nm and 830nm, information about both oxygenated and deoxygenated hemoglobin levels in the brain may be acquired, non-invasively [16] . NIRS measures brain activation by measuring relative blood oxygenation level changes in response to a given stimuli (e.g. language, auditory, visual, etc.). NIRS has demonstrated its potential as a useful tool in measuring brain activity by various research groups [8,18,9,] . Since its demonstration as a useful tool in monitoring brain activation, it has been compared and correlated to the BOLD signal of fMRI. [10, 11, 16, 17] NIRS has also been applied to the area of language as well . Cannestra et. al(2003) used NIRS to study the activation in Broca's area in response to language stimuli. [3] More recently Ehlis et.al. (2007) showed activation in both prefrontal and temporal regions of the brain in response to language stimuli in both healthy control subjects, and schizophrenic patients. [4] Quaresima et. al (2002) .have demonstrated activation in response to language translation tasks specifically in Broca's region, and in the left inferior cortex. [13] Brauer et. al. (2007) performed a study in the perisylvan region, which encompasses both language areas, in which they compared activation induced by language processing tasks in both children and adults, finding differences in the activations between the two groups. [1] Schecklmann et al. (2008) reported the activation as well as the correlation between activations in the temporal region as well as the prefrontal cortex in response to language generation stimuli. [15] Watanabe et. al. (1998) conducted studies in the fronto-temporal region as well as the superior temporal region, including Broca's area, measuring the activation as well as the lateralization in these regions. [19] While numerous groups have reported either activation, functional connectivity, and/or lateralization (in isolation) for a language-based temporal brain study, no study to date correlates these different aspects of brain mapping. Hence, the goal of the current study is to determine if there is any correlation with regards to activation, functional connectivity, and lateralization, in both language areas of the temporal region (Broca's region, Wernicke's region) in response to language based stimuli.
Using an NIRS imaging system, normal healthy adult volunteers were given two language paradigms (e.g. word expression and reception) that have a potential to predominantly activate the Broca and/or Wernicke's region. The optical signals acquired in response to the language-based paradigms were analyses to measure and relate the brain activation, cortical lateralization, as well as functional connectivity between the left and right temporal regions.
MATERIALS AND METHODS

Instrumentation
An NIRS based optical imaging system (Imagent ISS Inc., Champaign IL.) with 32 sources and four detectors was used to conduct the study. For this study, 14 sources and 4 detectors were used, with light being sent at two wavelengths, 690nm and 830nm. Since this study was conducted in an adult population, source-detector separations were 3cm for all source detector combinations (chosen such that the detected diffuse optical signals are from the cortical surface and not from the skull). Herein, a custom-built optical head cap was utilized to place the source and detectors on to the temporal regions of the brain (see Figure 1) . The cap containing and source and detector fibers were in turn covered by a light proof black material to minimize ambient light interference. Placement of the cap was based on the international EEG 10-20 system. The source and detector fibers were placed in the Broca and Wernicke's temporal region of the brain, as shown in Figure 1a. 
Participants
15 healthy right handed adults (between 18-30 years of age) were recruited to participate in the study. The study was FIU-IRB approved, and each subject consented to the study.
Experimental Paradigm
For this study two separate paradigms were presented: (i) a language generation based paradigm (Word Expression paradigm), and (ii) a language comprehension paradigm (Word Reception Paradigm). Each subject repeated the entire study twice (i.e. two replicates) for each presented paradigm. Both the paradigms were a block-based experimental design, with a total of 5 blocks in each paradigm. 
Word Expression Paradigm
A five block experimental design was developed, with each block consisting of three 30-second stimulus. The three stimuli include Word generation (W), Jaw movement (J), and Rest (R) conditions. During Word generation, subjects were asked to speak out as many words possible using a specific alphabet given by the presenter. The same set of letters were used in each of the two repeated studies among all subjects. During Jaw movement stimulus, the subjects were asked to move their jaws randomly as though they spoke without actual speaking. This stimulus was used as a baseline to differentiate (if any) between the hemodynamic responses from brain activation in response to 
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Detector a language-based stimuli and random jaw movement during speaking. Finally, the subjects were asked to rest for 30-seconds, when they were asked to look at the blank wall facing then and clear their minds.
Word Reception Paradigm
Again a five block experimental design was utilized for this study. Each block consisted of three 30-second stimuli, which include Forward audio, Reverse audio, and Rest conditions. . In this paradigm subjects were asked to listen to two separate audio files. Each subject listened to the same audio files for a given replicate, in order to maintain consistency. The passages heard by the subjects were all rated at a 6 th grade reading level, taken from the Florida
Comprehensive Assessment Test (FCAT) (http://www.fcat.fldoe.org) for 6 th graders. All of the audio files used in this study were also modulated such that they were read at the same frequency, in order to minimize any variability. Additionally, all subjects heard the files at the same volume through a set of headphones. During Forward audio stimulus, the subjects heard a reading passage that was read to them by a computer reader, with a woman's voice. During Reverse audio stimulus, readers heard the same passage as in Forward audio, but in the reverse order(from the last word to the first word). Finally, the subjects were asked to rest for 30-seconds, when they were asked to look at the blank wall facing then and clear their minds.
Data Analysis
Data analysis was carried out to understand the brain activation, functional connectivity, and cortical lateralization in the temporal brain region in response to the two language-based paradigms.
Activation Analysis
The acquired optical signals in real-time were processed using , HomER™ ( Hemodynamic Evoked Response, http://www.nmr.mgh.harvard.edu/PMI/resources/homer/home) as well as in-house developed codes in Matlab 2010a. The raw optical signals acquired from each subject and replicate were first filtered between 0.0016-0.30 Hz, in order to remove any systemic noise. Once the signals were filtered, the signals were processed and averaged across the five blocks, to give one 90 second block consisting of the relative change in hemoglobin concentration (dConc) (i.e across the three 30 seconds stimuli) for each subject and replicate. The averaged hemodynamic signals (in terms of HbO, HbR, or HbT) from each subject and replicate was further averaged across all subjects and both replicates in order to obtain grant average signals for each paradigm. From 30 trials (i.e. 15 subjects × 2 replicates), only 19 trials were used during the grand average in each paradigm, because 11 out of 30 trials had poor or weak optical signals., These poor/weak signals could be either from ambient light interference, hair interference, and/or poor scalp optode contact.
Activation (or hemodynamic changes) was measured across each source detector channel (shown in Figure 1 ), for both the left and right temporal regions of the brain and plotted in terms of HbT (grand averaged across the 19 trials).
Functional Connectivity Analysis
A correlation analysis was performed for both the word expression and word reception paradigm on the grand averaged hemodynamic changes (in terms of HbT), in order to determine the extent of functional connectivity (or symmetry) between the left and right temporal cortices. In this analysis, symmetric source-detector channels across the left and right temporal regions were compared. Matlab's correlation function was used to perform a linear or rank correlation analysis (also known as a zero-order correlation analysis) using the grand averaged hemodynamic response functions (i.e. HbT). This analysis performs a pairwise correlation analysis between two columns of data sets, to give the correlation between each pair. Correlation values range between -1 to 1, where -1 is considered a strong negative correlation, 0 is considered as no correlation, and +1 is considered strong positive correlation, across the two compared channels.
3 Lateralization Analysis
Cortical lateralization study was performed in order to determine the dominant hemisphere (left vs. right temporal) during each stimuli and paradigm. The formula used to determine the laterality index (L(t)) is as given below:
HbT t
HbT t HbT t
The laterality index was obtained from the grand averaged HbT data for 19 trials for each time point. These timeseries laterality index values were further averaged across each 30-sec stimuli of each paradigm. to obtain a single laterality index value for a given stimuli and paradigm. Based on the above formula, a positive laterality index corresponds to left temporal dominance, else a right temporal dominance. A near zero (i.e. -0.25 ≤ L(t) ≤ 0.25) laterality index value indicates there is no dominance between the channel pairs. [7] 3. RESULTS & DISCUSSION Figure 2 provides the activation plots (in terms of HbT) for each channel in the left and right temporal regions obtained in response to the word expression paradigm. Only the HbT plots are shown in the figure, in order to be consistent in comparing the results from functional connectivity and lateralization studies, that involve only HbT data. In addition, the HbO plot followed a similar trend as the HbT in all the experiments, and hence these activation plots also represent the same trends as in HbO data. Observing the channels (5-8) corresponding to the Broca's region (both left and right), the activation varies across all the three stimuli (i.e Word generation vs. Jaw movement, Word generation vs. Rest, and Jaw movement vs. Rest). Observing the channels (1-4) corresponding to the Wernicke's region (both left and right), there is no significant difference between the word generation and jaw movement's activation plot.
Activation Studies
Word Expression Paradigm
The results from the activation plots for the word expression paradigm seem to follow a trend similar to that of Cannestra et.al.(2000) [2] who reported observing a boxcar behavior (when the plots looks like a hump or boxcar) in the activation plots with respect to Broca's region, using intraoperative intrinsic signals. Figure 3 represents the activation plots (in terms of HbT) for each channel in the left and right temporal regions obtained in response to the word reception paradigm. From the activation plots, the differences in the activation across stimuli tend to occur at multiple channels in both the Broca and Wernicke's region. Results demonstrated that the word reception paradigm tends to show significant differences in the activation across stimuli in both the Broca and Wernicke's channels, unlike the word expression paradigm (where only Broca was dominant). The activation plots from the word reception paradigm are consistent with the fMRI findings of Wilson et.al.(2008) who found that under an auditory narrative only there were high correlations between left and right temporal regions. [20] In a different NIRS study [12] , the researchers performed imaging using a dichotic listening paradigm, and their results suggest activity in left temporal associated area reflects load of auditory memory and language information processing. Our word reception studies also demonstrates significant differences in activation across stimuli in the left vs. the right temporal (channels). Figure 4 shows the (left vs. right) functional connectivity results of HbT for the three stimuli in the temporal regions of the brain during word expression paradigm. During word generation, the left and right Broca are not as strongly connected as the Wernicke region. This demonstrating that word generation impacts the connectivity predominantly in the Broca vs. Wernicke. The stronger connectivity in the Wernicke region during both the word generation and jaw movement is possibly from the random yet symmetric muscle movement during the study.
Word Reception Paradigm
Functional Connectivity Studies
Word Expression Paradigm
There are differences in left vs. right connectivity across the Word and Jaw movement in two channels (5 and 6) of Broca and only one channel (2) of Wernicke. These differences emphasize that the differences in connectivity during word activation are not due to the jaw movement during speaking the words, but due to the underlying brain activation from the language-based stimuli. The differences are relatively more in the Broca over Wernicke during word expression paradigm, concurring with the Broca's dominance in activation studies (described in Section 3.1.1). Additionally, the differences in connectivity between the jaw movement and rest conditions are significant in channels 2, 3 and 6. The muscles causing jaw movement being closer to the Wernicke, the differences in connectivity in channels related to Wernicke are relatively higher (as shown in Figure 4 ). Figure 5 shows the (left vs. right) functional connectivity results of HbT for the three stimuli in the temporal regions of the brain during the word reception paradigm.
Word Reception Paradigm
There are differences in left vs. right connectivity across the Forward and Reverse Audio stimuli in two channels (5 and 6) of Broca and two channels (3,4) of Wernicke. The differences are across same number of channels in the Broca and Wernicke during word reception paradigm, concurring with the activation in both Broca and Wernicke in activation studies (described in Section 3.1.2). Comparing the Forward Audio and Rest conditions, there is no differences in the (left vs. right) connectivity across all channels (except Ch. 6). This is possibly because the brain naturally tends to process the forward audio as a part of its language response. However, the (left vs. right) connectivity across Research Audio and Rest conditions differ across multiple channels (3, 4, 5) . Reserve speech unlike regular speech as in forward audio tends to increase the brain activation thus altering the functional connectivity when compare to forward audio or rest conditions. Figure 6 depicts the results from the cortical lateralization study in the temporal region of the brain during the word expression paradigm. The region corresponding to Broca's area in the left hemisphere shows more dominance during the word generation (or activation) stimuli, concurring with the differences in the functional connectivity between the left and right Broca (described in Section 3.2.1) There was no dominance (or bilateral activation) in the Wernicke's region during word generation. This concurs with relative stronger connectivity in the Wernicke during word generation (as described in Section 3.2.1) leading to bilateral activation as observed from Figure 6 .
Lateralization Studies
Word Expression Paradigm
During the jaw movement, the right hemisphere of Broca's region was dominant. This also concurs with the differences in the connectivity in the Broca during jaw movement. Additionally, the strong connectivity in Wernicke correlates to the bilateral activation from these lateralization studies. During the rest conditions, the right temporal region was relatively dominant over the left temporal region. This is an outcome of the differences in the (left vs. right) temporal connectivity across multiple channels in Broca and Wernicke region, as observed from connectivity studies. Figure 7 shows the results from the cortical lateralization study study in the temporal region of the brain during the word reception paradigm. During the forward audio task, both Broca's region and Wernicke's region show dominance in the right hemisphere, with Wernicke's region showing dominance for all channels in this region. The (left vs. right) connectivity in the Wernicke is relatively weaker (see Figure 5) , causing a significant dominance in the channels located in Wernicke.
Word Reception Paradigm
During the reverse audio task the right Broca's region is relatively more becomes dominant than the rest of the temporal region imaged. Although the activation and connectivity studies demonstrate that both Broca and Wernicke show difference in activation and left vs. right connectivity (across forward and reverse audio), the dominance during reverse audio is only in the right Broca region and randomly in Wernicke' region.
Under rest conditions, the left temporal region was significantly dominant over the right temporal. These results do not concur from the rest condition results shown in Figure 6 . This is possibly because the rest during word expression paradigm follows a physical jaw movement paradigm, possibly retaining the effect of jaw movement on the hemodynamic changes. On the contrary, the word reception paradigm has the rest condition after a jargled reverse audio stimuli, where the brain is truly in rest without any prior influence of jaw movement. In the word expression paradigm, when a person speaks during word generation, the left Broca is dominant. Wheras, when the person is listening (Forward Audio) as in the word reception paradigm, the right Broca and Wernicke are dominant. Additionally, the right Wernicke's dominance is lost when the listening comprehension is jargled as in Reverse Audio stimulus.
Word Jaw Movement Rest
The results seem to suggest that for a right handed person, the normalthought processing or comprehension may come from the right Wernicke region (predominantly), while the actual generation of words and recitation from memory may come from the left Broca region . Frith et. al.(1991) [ 6 ] found using word generation tasks for a PET study, that superior temporal regions (Broca's region) store word representations, and that inhibitory modulation of these areas by the prefrontal cortex is basis of intrinsic word generation. These past studies using a different imaging modality support our current results using NIRS, stating that Broca's area in the temporal region may be responsible for word generation.
CONCLUSION
Fifteen healthy normal adults were recruited to participate in a language based functional brain mapping study using NIRS. Subjects were presented with two different language paradigms (Word Expression and Word Reception), and the activation in the temporal regions (specifically Broca's region and Wernicke's region) were measured and analyzed in terms of the hemodynamic responses. Results from the activation, functional connectivity and cortical lateralization tend to be correlated in most of the cases. During word expression paradigm, Broca's region showed significant differences in activation during Word generation (or activation) over the baseline jaw movement or rest conditions. This significant activation manifested as differences in the (left vs. right) connectivity predominantly in the Broca over Wernicke region, with the left Broca being more dominant during word generation over jaw movement/rest.
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On the other hand, during the word reception paradigm, the activation differences across the three stimuli (forward audio, reverse audio, and rest) were equally present in both the Broca and Wernicke's region. These differences also manifested as differences in the (left vs. right) connectivity in both Broca and Wernicke's region across the three stimuli. While the lateralization studies demonstrated that the dominance was in the right Broca and Wernicke during forward audio (or normal listening comprehension), to concur with the activation/connectivity results, the Wernicke becomes bilaterally dominance (with no dominance) during reverse audio (or jargled listening comprehension). In summary, the left Broca is preferably more activated during word expression and the right Wernicke (and partly the right Broca) is activated during word reception. Currently studies are carried out to statistically validate the findings and also perform extensive connectivity and lateralization analysis across the Broca and Wernicke's regions for a comprehensive understanding of functional brain mapping in response to languagebased stimuli in the temporal regions of the brain.
